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SOIL-PILE INTERACTION ANALYSIS USING 
FE-BE COUPLING IN FREQUENCY DOMAIN 









In this study, a numerical method for soil-pile interaction problems in multi-layered half-plane is developed in frequency domain 
using FE-BE coupling technique. The soil-pile interaction system is divided into two parts, so-called near field and far field. In the 
near field, beam elements are used for modeling pile and plane-strain finite elements for surrounding soil media. Also, a 
superstructure is considered as a lumped mass on a pile. In the far field, layered soil media is modeled by boundary element 
formulation using the dynamic fundamental solution. Then, these two fields are assembled using FE-BE coupling technique. This 
coupled numerical method automatically satisfies the radiation conditions because the far field boundary element formulation can 
handle the radiation conditions in a half plane. Additionally, the difference of relative displacement at the interface between soil and 
pile is considered by applying interface spring elements. In order to verify the proposed method for soil-pile interaction system, the 
dynamic responses of a pile in a multi-layered half-plane are performed and the numerical results are compared with the measured 
values from experiments. It is shown that the developed method can be an efficient numerical tool to solve the dynamic response of 
a pile buried in a multi-layered half plane. 
INTRODUCTION 
Piles are the most common foundation systems for bridges, 
buildings and port structures. In general analysis and design 
procedures, pile foundations are commonly considered as a 
fixed boundary condition on the ground. However, this fixed 
boundary condition of the pile foundation cannot represent the 
real behavior of the system. Especially, this difference 
increases in dynamic problems. Thus the boundary 
conditions with soil-structure interaction that can replicate the 
real situation have been considered in dynamic problems. 
However, soil-structure interaction is not sufficient to simulate 
the real pile foundation behavior for an analysis accurately. 
Therefore recently many researches have been focused on the 
system analysis considering soil-pile-structure interaction 
systems (Guin et al, 1998, Cai et al, 2000). In this study, a 
numerical method for soil-pile interaction analysis buried in 
multi-layered half planes is studied in frequency domain for 
the first step to the soil-pile-structure interaction problems. 
The numerical method for soil-pile interaction analysis was 
presented. This method adopted the benefits of ftite 
element method and boundary element method. The finite 
element method is easy for representing the near field soil and 
piles. Additionally, the boundary element method satisfies 
the radiation conditions of half planes. Through this method, 
the dynamic response analysis of pile supported structures can 
be performed and it can be extended to the whole soil-pile- 
structure interaction analysis technique. 
FREQUENCY DOMAIN FORMULATION 
The soil-pile interaction system is divided into near field and 
far field as shown in Figure 1. 
Near Field Soil 
Far Field Soil 
Fig. 1. Soil-pile interaction system on multi-layered halfplane. 
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In order to obtain the frequency domain formulation, equation 
of motion can be expressed as follows using interaction forces 
on interface (Rhee et al., 1999). 
where [M], [Cj and [Kj are the mass, damping and stiffness 
matrices respectively, and {u} and (p} are displacement and 
force vector. The subscript “p” stands for pile and subscript 
“b” stands for the interface between near field and far field. 
The vector {R&j} denotes the internal force vectors on the 
interface, 
The equation of motion can be simplified in frequency domain 
as in Eq. (3). 
where {Rb(w)jis the interaction force between near field and 
far field in terms of frequency formulation. {R,(W)) can be 
presented in terms of [ sib (w) 1, which is the inverse Fourier 
transform of dynamic stiffness matrix in frequency domain, 
In order to calculate the dynamic stiffness [ S,~,(W)] in 
frequency domain, displacement vector and stress vector for 
the dynamic fundamental solution on multi-layered half plane 
was used. The displacement and stress components can be 
calculated, using asymptotic solutions of Green’s functions as 
follows (Kim et al., 2000). 
Where numerical integration is used only within the region a, 
and asymtotic analytical integrations are adopted in the other 
regions. Di4 is the displacement vector and stress vector of 
j-th layer, subscript n and q are the direction of the 
displacement and the applied force. k is the wave number of 
horizontal direction. 
MODELING OF PILE-SOIL INTERFACE BEHAVIOR 
(a) Bonded interface (b) Real interface 
Fig. 2. Displacement of the soil-pile interface 
In Figure 2, the u, stands for displacement of soil and t+ stands 
for displacement of pile. In general the pile-soil interface is 
assumed to be perfectly bonded i.e. {y}={%} (Figure 2(a)). 
However the actual interface behavior is not bonded as in 
Figure 2(b). In this study, certain nonlinear that actually 
occur in the physical problem are accounted for, by 
introducing usage of elastic springs at the pile-soil interface. 
In the case of lateral loading, the trailing face of the pile under 
motion tends to lose contact with the soil causing the gap to 
open up. Considering these phenomena, the displacements in 
the pile and soil are related by equation (6). 
where [Ki] is a stiffness matrix of interface elements. [Kil 
can be expressed as K, = K(l+~ij3,), where p, is the 
hysteretic damping factor in the soil layer and K for lateral 
coefficients is as follows (Guin et al., 1998): 
where Es is a ground elastic modulus of certain depth and D is 
the pile diameter. 
VERIFICATION OF THE COUPLING ANALYSIS 
In order to verify the developed procedures, response under 
horizontal dynamic loads at the pile cap in the multi layered 
half plane was determined. The results are compared to 
Novak’s theoretical results and Marsafawi’s experimental 
results. As shown in Figure 3, the pile was buried in multi 
layered ground and the exciter applied the horizontal harmonic 
load to the pile cap. 
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agreement the experimental result. However, in the high 
frequency zone, the analysis results were slightly higher than 
the experimental results. This might be due to the fact that 
the developed analysis technique is based on plane strain 
condition, thus the radiation damping effect was smaller than 
the real situation. 
Table 2. Soil properties of numerical modeling 
JWWQ 
Shear wave velocity Density 
v, (m/s) ps (kg/m3) 
o-1 130 2060 
l-2 193 2060 
2-3 200 1890 
3-4 180 1890 
Fig, 3. Single pile on layered halfplane (El-Marsafawi et al., 4-5 234 2010 
1992) 5-6 272 2010 
The exciter used in this analysis generates forces in the form 
of. 
P(t) = (m,e)o’ coswt (8) 
where m,e is the excitation intensity and in the experiments 
the value is 0.12 kg.m. The response amplitudes are 
normalized and defined as, 
(9) 
where u,, is the horizontal displacement and m, is the mass of 
capping concrete. The material properties of pile are shown 
in Table 1. Also, the soil properties are shown in Table 2. 













In Figure 4, the analysis results for the single pile are 
compared to excitation intensity of the experimental data of 
Marsafawi (1992) and theoretical results of Novak( 1974). 
Novak’s results have two cases; perfectly bonded interface 
and actual interface so-called weak zone. This figure 
indicates that the result of present study shows a well 
6-7 272 2010 
7 - 30 280 2040 
1 
Frequency(Hz) 
Fig. 4. Comparison ofpresent study and other results 
SOIL-PILE INTERACTION ANALYSIS 
In this section, analyses on soil-pile structure system were 
performed and the response characteristics were evaluated by 
the developed numerical method. As of real structure 
systems, which is supported by pile foundation, the weight of 
superstructure has effects on the dynamic behavior of whole 
system. Thus taking the weight of superstructure as the 
lumped mass, the pattern of the behavior was obtained. Also, 
in order to evaluate the effects of geometrical property of pile, 
analyses were executed with the change of slenderness ratio. 
For this, length of pile was fixed while diameter changed. 
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Lumped Mass 
The same system in Figure 3 is utilized with variation of the 
lumped masses. As shown in Figure 5, the heavier lumped 
masses, the smaller the responses, and slightly lower the 
resonant frequencies were found. As the lumped mass 
increase as much 0.24t as the response decrease about 30% 
and resonant frequency about 5%. The decrease of resonant 
frequency with the increase of the lumped mass might be due 
to the decrease of natural frequency of the whole system. 
However, the quantity of change is not so large because the 
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Fig. 5. Responses as the lumped masses 
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Fig. 6. Responses as the slenderness ratio of pile 
The analysis was performed on a single pile with 7m length Rhee, J.W., Park, S.W., Kim, M.K., and Kim, M.K. [1999]. 
buried in homogeneous ground with varied slenderness ratio Effects of the Dynamic Cross-Interaction in Layered Half- 
of the pile. As shown in Figure 6, the smaller the slenderness Planes by FE-BE Coupling, ASEM’99. 
ratio is the higher the resonant frequency and the smaller the 
response amplitude. The decrease of the slenderness ratio 
means the increase of the radius of a pile and directly 
correlates with the stiffness increase. Therefore these 
consecutive process result in higher frequency and larger 
amplitude. These results correspond to the general 
phenomena observed in soil-pile interaction problem. 
CONCLUSION 
A numerical algorithm to analyze a soil-pile interaction 
system in multi-layered half-plane is developed using FE-BE 
coupling technique in frequency domain. The results of the 
numerical example show its effectiveness and validity in 
multi-layered half plane compared with results of other 
researches. Also, various numerical analyses of piles 
considering different conditions of soil-pile interaction system 
are performed to examine the dynamic behavior of the system. 
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